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a b s t r a c t

The quality of climate models has largely been overlooked as a possible source of uncertainty that may
affect the outcomes of species distribution models, especially in the tropics, where comparatively few
climatic stations are available. We compared the geographical discrepancies and potential conserva-
tion implications of using two different climate models (Saga and Worldclim) in combination with the
species modelling approach Maxent in Bolivia. We estimated ranges of selected bird and fern species
biogeographically restricted to either humid montane forest of the northern Bolivian Andes or seasonal
dry tropical forests (in the Andes and southern lowlands). Saga and Worldclim predicted roughly similar
climate patterns of temperature that were significantly correlated. Precipitation layers of both climate
models were also roughly similar, but showed important differences. Species ranges estimated with
Worldclim and Saga likewise produced different results. Ranges of species endemic to humid montane
forests estimated with Saga had higher AUC (Area under the curve) values than those estimated with
Worldclim, which for example predicted the occurrence of humid montane forest bird species near Lake
Titicaca, an area that is clearly unsuitable for these species. Likewise, Worldclim overpredicted the occur-
rence of fern and bird species in the lowlands of the Chapare region and well south of the Andean Elbow,
where more seasonal biomes occur. By contrast, Saga predictions were coherent with the known distri-
bution of humid montane forests in the northern Bolivian Andes. Estimated ranges of species endemic
to seasonal dry tropical forests predicted with Saga and Worldclim were not statistically different in
most cases. However, detailed comparisons revealed that Saga was able to distinguish fragments of sea-
sonal dry tropical forests in rain-shadow valleys of the northern Bolivian Andes, whereas Worldclim was
not. These differences highlight the neglected influence of climate layers on modelling results and the
importance of using the most accurate climate data available when modelling species distributions.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Species distribution models (SDM) are probably one of the most
promising tools biogeographers have to improve the understand-
ing of biodiversity patterns and their relationship with climate
and topography (Cumming, 2000; Bahn and McGill, 2007). The
use of modelling techniques implies predicting the distribution
of species, and therefore, these techniques inherently have some
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level of uncertainty that researchers must consider. Discordant
predictions rendered by different modelling techniques using the
same data have revealed different levels of uncertainty (Elith et
al., 2006). One of the most relevant outcomes comparing different
species distribution models is that presence–absence models offer
more accurate estimates than presence-only models (Elith et al.,
2006). However, presence–absence models are of limited applica-
bility especially in the tropics, where low densities of study sites
prevent their use (Anderson et al., 2003).

The species distribution model chosen, however, is not the
only source of uncertainty (Araújo and New, 2007). Other sources
include the spatial structure of the field data that may be collinear
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with environmental variables (Araújo and Guisan, 2006; Loiselle
et al., 2008). For example, most of the species presence records
come from localities that are easily accessible and that are clus-
tered in areas near the centre of the range of climatic conditions
under which a species occurs (Loiselle et al., 2008). Hence, records
often do not cover the complete range of environmental variability
that a species of interest inhabits. The number of available records
also has an inverse impact on the quality of the prediction (Araújo
et al., 2005; Soria-Auza and Kessler, 2008). Pöyry et al. (2008)
showed that inherent behavioural and mobility characteristics of
the species under study may also have an effect on the predic-
tive power of species distribution models. Additionally, Araújo and
Guisan (2006) found that models tend to predict the distribution of
range-restricted species better than those of widespread species.
Moreover, the choice of environmental variables used to model
species distributions may result in different distribution maps for
the same species (Luoto et al., 2007).

One of the least studied sources of uncertainty in species dis-
tribution modelling comes from the environmental data used to
run the models, particularly the climate data. Climatic data used
to model species distributions are raster-layers that result from
extra- and interpolating data collected from climatic field stations
(hereafter called field stations). Therefore, different spatial patterns
may arise for a given environmental variable depending on the
extra- or interpolation procedures used. Temperate regions have
several climate models constructed from very robust networks of
field stations, whereas tropical countries lack such robust systems.
Notwithstanding this limitation, considerable advances in con-
structing reliable climatic layers at a global scale have been made in
the last few years. Worldclim (Hijmans et al., 2005) is perhaps the
most outstanding global climate data set. It was reported to accu-
rately represent climate in North America and Europe (Hijmans et
al., 2005), and consequently has been used repeatedly used in a
wide range of biogeographic studies, including testing the poten-
tial effects of climate change on species ranges (Araújo and Rahbek,
2006; Graham et al., 2006; Hernandez et al., 2008). However, the
accuracy of the model in tropical areas remains to be evaluated,
although Killeen et al. (2007) have pointed out flaws of Worldclim,
as for example an artificial ovoid-shaped centre of high precipita-
tion for the central Bolivian lowlands.

In the present study we aim to highlight the geographical dis-
crepancies of using two different climate data sets to estimate
patterns of species richness of a set of bird and fern species char-
acteristic of humid montane and seasonally dry tropical forests
in Bolivia. The climate data sets used were Worldclim and the
alternative model Saga (hereafter called climate models). Saga has
been used for climate models in Europe (Böhner, 2005) and Bolivia
(Kessler et al., 2007), whereas Worldclim has a global coverage
(Hijmans et al., 2005). Although both climate models use the same
raw data to produce environmental raster-layers, they apply dis-
tinct mathematical processes to construct the models. To assess
the impact of climate model choice on species distribution mod-
els, we first compared the predictions of the two climate models.
Then we used the species distribution model Maxent (Phillips et al.,
2006; Phillips and Dudík, 2008), in combination with each climate
model, to model the ranges of the selected species and compared
the resulting species range maps.

2. Methods

2.1. Study area and species data

Bolivia covers slightly more than one million square kilometres
in south-central South America, with about one-third of the country
in the Andes and the remainder in the lowlands. Humid montane

forests range from approximately 500 m to ca. 4000 m. This type of
forest is the dominant vegetation on the east Andean slopes north-
west of the Andean Elbow (ca. 18◦S) (green polygon; Fig. 1a). Humid
montane forests are considered one of the most diverse ecoregions
in Bolivia with high levels of endemism (Ibisch et al., 2003; Kessler,
2002a,b; Herzog et al., 2005; Soria-Auza and Kessler, 2007). South
of the Andean Elbow, humid montane forests have a more patchy
distribution, forming habitat islands in a matrix of seasonally dry
tropical forest. The north-westernmost distribution of seasonally
dry tropical forests reaches the central Andean region of La Paz
department. At this latitude seasonally dry tropical forests are frag-
mented and surrounded by either other high Andean vegetation
types (puna grasslands) or humid montane forests (Herzog and
Kessler, 2002, 2006; Ibisch and Mérida, 2003; Wood, 2006; Linares-
Palomino and Kessler, 2009) (orange polygon; Fig. 1a). Seasonally
dry tropical forests are the dominant vegetation in the subtropical
lowlands of southern Bolivia, where several types of dry vegeta-
tions are commonly recognized (Chaco, Cerrado and Chiquitano
dry forests) (Herzog and Kessler, 2002; Ibisch and Mérida, 2003)
(Fig. 1a). Tropical rain forests, on the other hand, occur in northern
Bolivia and extend along the eastern base of the Andes south to
about 18◦, forming a thin band limited to the east by the seasonally
flooded grasslands of Beni (in central Bolivia).

For species distributional data, we used the database of Bolivian
pteridophytes compiled by M. Kessler and A.R. Smith (Soria-Auza
and Kessler, 2008), and the distributional database of birds of
Bolivia of Asociación Armonia–BirdLife International (Hernandez
et al., 2008). For the present study, 23 bird and 22 fern species
were selected according to two criteria: (1) they are characteris-
tic of either humid montane forests north of the Andean Elbow or
of seasonally dry tropical forests, (2) they have at least 15 geograph-
ically independent records, and a relative good level of knowledge
of their distribution. In total, we had 1840 locality records for
all species combined, with an average of 38.3 ± 16.7 records per
species. The number of records per species varied from 15 (Myiop-
sitta monachus) to 81 (Polioptila dumicola).

The subset of fern species characteristic of humid montane
forests included six species of the genus Cyathea (tree-ferns)
that are tightly associated with humid montane forests. Although
Cyathea species are not categorized as threatened, they are the only
group of ferns experiencing direct human impact on their popula-
tions as their “trunks” are harvested to make flower pots. Of the 14
bird species characteristic of this habitat one is endemic to Bolivia
(Grallaria erythrotis).

The subset of species characteristic of the seasonally dry tropi-
cal forests was comprised of 15 and 12 species of ferns and birds,
respectively. From this group of species, the Bolivian endemic Cran-
ioleuca henricae is listed as endangered under IUCN Red List criteria.
Tarphonomus harterti is endemic to the country. The complete list
of species is detailed in Table 1.

2.2. Selection of environmental variables and climate models

We used precipitation and temperature variables that describe
the general pattern and annual variability of the climate esti-
mated by both climate models at a resolution of 30 arc s. Variables
included (1) annual precipitation, (2) mean precipitation during
the three driest months, (3) mean precipitation during the three
wettest months, (4) annual precipitation range (precipitation of
the wettest month minus precipitation of the driest month), (5)
mean annual temperature, (6) mean temperature during the three
hottest months, and (7) mean temperature during the three cold-
est months. Because some of these environmental variables may
be collinear, we checked for collinearity following the approach
described by Blanchet et al. (2009). We entered the variables one by
one into a matrix and then computed at each step the determinant
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Fig. 1. (a) The study area detailing the administrative division of Bolivia and the digital elevational model of Bolivia in the background. Numbers represent localities mentioned
in the text: (1) Serranía de Santiago, (2) Andean Elbow, (3) the Chapare region, (4) Lake Titicaca. The green polygon shows the distribution of continuous humid montane
forests, orange polygons the distribution of the seasonally dry tropical forests. (b) Climatic layers of mean annual precipitation (left) and temperature (right) predicted by
the Saga (top) and Worldclim (bottom) models. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of the article.)

of its correlation matrix. Variables are completely collinear when
the determinant’s value equals zero. After this process we elim-
inated annual precipitation range and mean precipitation during
the wettest month.

Worldclim (Hijmans et al., 2005) is a comprehensive climate
data set that covers most of the Earth’s surface at a resolution
of 30 arc s. Worldclim was compiled from available meteorolog-
ical station networks. The authors used the thin-plate splines
smoothing procedure available in ANUSPLIN 4.3, as described by
Hutchinson (1995). A second-order spline was fitted using latitude,
longitude and elevation as independent variables because this pro-
duced the lowest overall error (see Hijmans et al., 2005 for more
details). This technique has been used in several global studies, and
performed relatively well in comparative tests of multiple interpo-
lation techniques (New et al., 1999, 2002).

Whereas the Worldclim approach is an interpolation technique
rather than a modelling approach, the estimation of climate vari-
ables via Saga uses an empirical modelling scheme. Saga integrates
statistical downscaling and terrain parameterization methods to
enable the physically consistent estimation of climate layers. The
statistical downscaling consists of linking data collected from
meteorological stations to large-scale circulation patterns. Since
spatio-temporal climate variations in mountainous environments
are also significantly controlled by regional to local scale topog-
raphy and other processes, digital elevation model (DEM) derived
terrain parameters are integrated in order to increase the predic-
tive power and the empirical congruence of the spatial transfer
functions. The required data for this modelling process consist of
circulation variables either derived from general circulation mod-
els (GCM) or from retroactively modelled atmospheric fields, a high
resolution digital elevation model (DEM) and available time series
data from meteorological station networks. A more comprehensive
description of this modelling approach and its limitations is given
in Böhner (2005).

2.3. Comparison of climate models

We randomly plotted 1000 points over the surface of Bolivia.
In order to prevent pseudo-replication (more than a point from
a single grid), points were a least 1 km apart from each other
(the resolution of the climatic layers from Saga and Worldclim).
Then we imported this georeferenced file into DIVA GIS 5.4.
The corresponding environmental variables of each point were
extracted from both climate models. We used SAM 3.0 to corre-
late the correspondent environmental variables from both climate

models (e.g. mean annual temperature from Worldclim vs. that
from Saga). We used the adjusted p values following Dutilleui’
(1993) correction to account for the effect of spatial autocorrela-
tion.

2.4. Modelling species distribution

We used Maxent (Maximum Entropy) to model species distri-
butions (Phillips et al., 2006; Phillips and Dudík, 2008). This method
has been reported to outperform other presence-only methods
(Elith et al., 2006), even with limited amounts of occurrence data
(Pearson et al., 2007). Auto features were maintained to find out
the best relationship between species occurrence data and envi-
ronmental variables, and settings were set to remove duplicate
presence records at the resolution of the environmental layers.

Prior to modelling, we randomly partitioned the occurrence data
of each species into two subsets. Seventy-five percent of the records
were used to model species distributions (training data), and 25%
to evaluate the model (testing data). We repeated this procedure
20 times per species. The partition was performed randomly each
time following a bootstrapping procedure. We therefore modelled
20 versions of each species’ distribution (hereafter termed ver-
sions). In order to compare the modelled species distributions,
and consequently, the estimated pattern of species richness by
both climate models, we converted the probability values given
by Maxent into presence–absence values using the maximisation
of sensitivity and specificity values as threshold (Canran et al.,
2005). The final ranges of each species included only the grid
cells predicted to potentially contain the species in all 20 versions.
We used the area under the curve (AUC) to evaluate the general
accuracy of every version modelled. This measure has been rec-
ommended for evaluating predicted species distributions because
it avoids the supposed subjectivity of threshold-selection when
continuous probability derived scores are converted into binary
presence–absence (Fielding and Bell, 1997).

Wilcoxon tests were used to test for differences between AUC
values produced by the modelled estimations from Saga and World-
clim at the species level and between species. At the species level,
each AUC value of a modelled version was considered a repetition,
so we had 20 repetitions. At the between-species approach the
averaged values of AUC per species were considered repetitions.
Finally, we also compared the differences in the predicted patterns
of species richness estimated by each climate model. We created
a map of disagreement between both maps of species richness
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Table 1
Comparison between versions (intraspecific comparisons) and final maps constructed with Maxent using Saga and Worldclim data layers. Each row shows the average
and standard deviation of AUC values based on 20 Maxent runs, followed by z value (of the Wilcoxon test) and the corresponding p values. Bold values indicate significant
differences, highlighting the higher values.

Species Taxa Saga Worldclim Wilcoxon test

AUC ±SD AUC ±SD z p value

Humid montane forests
Andigena cucullata Bird 0.98 0.001 0.94 0.002 4.78 0.00
Atlapetes rufinucha Bird 0.95 0.001 0.88 0.001 4.70 0.00
Conirostrum ferrugineiventre Bird 0.96 0.001 0.88 0.001 4.40 0.00
Cranioleuca albiceps Bird 0.95 0.001 0.89 0.001 4.70 0.00
Cyanolyca viridicyanus Bird 0.93 0.001 0.89 0.001 4.57 0.00
Cyathea austropallescens Fern 0.97 0.001 0.91 0.001 2.88 0.00
Cyathea delgadii Fern 0.98 0.015 0.92 0.003 4.17 0.00
Cyathea multiflora Fern 0.98 0.003 0.91 0.003 3.34 0.00
Cyathea pungens Fern 0.96 0.004 0.86 0.005 3.61 0.00
Cyathea squamipes Fern 0.92 0.002 0.94 0.002 3.74 0.00
Cyathea subincisa Fern 0.94 0.001 0.86 0.001 4.34 0.00
Delothraupis castaneoventris Bird 0.95 0.001 0.88 0.001 4.62 0.00
Entomodestes leucotis Bird 0.95 0.001 0.88 0.003 4.78 0.00
Eubucco versicolor Bird 0.99 0.002 0.89 0.002 4.72 0.00
Grallaria erythrotis Bird 0.96 0.001 0.89 0.001 4.78 0.00
Metallura aeneocauda Bird 0.96 0.001 0.86 0.001 4.70 0.00
Myiornis albiventris Bird 0.95 0.002 0.86 0.001 3.70 0.00
Psarocolius atrovirens Bird 0.96 0.001 0.90 0.002 4.78 0.00
Scytalopus parvirostris Bird 0.98 0.002 0.90 0.001 4.30 0.00
Zimmerius bolivianus Bird 0.96 0.002 0.87 0.002 3.87 0.00

Subset of species 0.96 0.018 0.89 0.024 3.27 0.00

Seasonally dry tropical forests
Adiantum rufopunctatum Fern 0.89 0.003 0.89 0.001 1.89 0.06
Adiantopsis chlorophylla Fern 0.93 0.025 0.92 0.026 1.38 0.17
Anemia australis Fern 0.87 0.006 0.86 0.006 0.05 0.96
Anemia herzogii Fern 0.87 0.014 0.88 0.013 0.25 0.80
Anemia ferruginea Fern 0.93 0.014 0.92 0.013 2.19 0.08
Anemia myriophylla Fern 0.91 0.006 0.91 0.010 0.76 0.44
Anemia tomentosa Fern 0.88 0.007 0.88 0.005 0.05 0.96
Argyrochosma flava Fern 0.88 0.010 0.88 0.009 1.17 0.24
Arremon flavirostris Bird 0.93 0.002 0.89 0.003 4.63 0.00
Asplenium inaequilaterale Fern 0.87 0.059 0.87 0.058 2.09 0.04
Asplenium lorentzii Fern 0.91 0.002 0.91 0.004 1.48 0.14
Astrolepis sinuata Fern 0.93 0.052 0.92 0.007 0.87 0.39
Cranioleuca henricae Bird 0.98 0.021 0.98 0.021 0.87 0.39
Doryopteris lorentzii Fern 0.94 0.025 0.93 0.010 0.15 0.88
Doryopteris raddiana Fern 0.94 0.017 0.94 0.015 1.07 0.28
Formicivora melanogaster Bird 0.93 0.006 0.95 0.005 4.17 0.00
Myiopsitta monachus Bird 0.97 0.003 0.97 0.002 1.66 0.10
Nystalus maculatus Bird 0.96 0.003 0.96 0.004 1.50 0.13
Pecluma filicula Fern 0.90 0.003 0.90 0.004 0.20 0.84
Polioptila dumicola Bird 0.95 0.006 0.94 0.006 1.22 0.22
Poospiza boliviana Bird 0.92 0.002 0.92 0.001 1.25 0.21
Selaginella sellowii Fern 0.90 0.005 0.90 0.005 1.78 0.07
Serpophaga munda Bird 0.89 0.004 0.92 0.002 4.17 0.00
Stigmatura budytoides Bird 0.94 0.002 0.96 0.002 3.96 0.00
Suiriri suiriri Bird 0.97 0.005 0.90 0.009 3.11 0.00
Synallaxis scutata Bird 0.90 0.002 0.90 0.004 2.58 0.01
Tarphonomus harterti Bird 0.88 0.012 0.90 0.033 4.78 0.00

Subset of species 0.92 0.033 0.92 0.031 2.02 0.18

All species 0.94 0.034 0.90 0.030 2.02 0.04

by performing a cell-to-cell subtraction of Saga minus Worldclim
species richness values.

3. Results

3.1. Comparison between both climate models

Spatial correlations between corresponding environmental
variables from both climate models yielded extremely high cor-
relation values for temperature variables. The highest correlation
values corresponded to the mean temperature during the three
hottest months (r = 0.99, p < 0.001, Table 2), the lowest to the mean

temperature during the three coldest months (r = 0.98, p < 0.001,
Table 2). Precipitation variables returned lower but also significant
correlations (range 0.46–0.69, Table 2 and Fig. 2). A direct compar-
ison of annual precipitation patterns between both climate models
showed that Worldclim provides lower precipitation values than
Saga on the humid eastern slopes of the northern Bolivian Andes
(map; Fig. 2a). The points above the upper dashed line in the Fig. 2a
stem from points placed on this area. The adjacent lowlands of
central Bolivia (Chapare; Fig. 1a) are estimated to receive higher
precipitation by Worldclim than Saga (dots below the lower dashed
line in Fig. 2a).

Worldclim also predicts a fairly uniform precipitation on the
east Andean slopes of the northern Bolivian Andes (Fig. 1b), failing
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Table 2
Bivariate correlations between environmental layers from the Saga and World-
clim climate models. Degrees of freedom were corrected according to Dutilleul’s
criterion.

Environmental
variables

r p DF (Dutilleul’s corrections)

Annual precipitation 0.57 0.022 6.64
Annual precipitation
range

0.46 0.023 5.95

Mean precipitation of
the three driest months

0.69 0.021 8.85

Mean precipitation of
the three wettest
months

0.50 0.027 11.77

Mean annual
temperature

0.99 <0.001 4.36

Mean temperature of
the three hottest
months

0.99 <0.001 4.57

Mean temperature of
the three coldest
months

0.98 <0.001 4.20

to distinguish the intersecting dry rain-shadow valleys in La Paz
and Cochabamba departments. Finally, Worldclim predicts higher
rainfall for most of the southern lowlands and Andes, except for
extreme south-western Bolivia (Fig. 2a). Although mean annual
temperatures from both climate models also reported some spatial
differences, these differences were not larger than 4 ◦C (Fig. 2b).

3.2. Modelling species distributions

Average AUC values obtained for the final distribution maps of
bird and fern species were notoriously high using both Saga and
Worldclim (>0.84), although values based on Saga were slightly
higher (0.94 ± 0.03) than those using Worldclim (0.90 ± 0.03)
(Table 1). This difference in favour of Saga was homogeneous for
species that are characteristic of humid montane forests, except
for the fern Cyathea squamipes, which was the only species that

showed significantly lower AUC values for Saga than for Worldclim
(Table 1). Differences between the models were not as strong for the
set of species characteristic of seasonal dry tropical forests. Twenty
species did not show significant differences in AUC values (Table 1,
p > 0.05), for two bird species (Arremon flavirostris, Suiriri suiriri)
Saga values were higher, whereas for four bird species Worldclim
values were higher (Formicivora melanogaster, Serpophaga munda,
Stigmatura budytoides, T. harterti) (Table 1). When comparing the
whole subset of species characteristics of this habitat, we did not
find significant differences (Table 1).

Variability of AUC values between versions for species char-
acteristic of humid montane forest were quite low, irrespective
of which climate model was used (Saga: standard deviation var-
ied from ±0.0001 for G. erythrotis to ±0.015 for Cyathea delgadii;
Worldclim: from ±0.001 for Delothraupis castaneoventris to ±0.005
for Cyathea pungens). The variability for the subset of species char-
acteristic of seasonally dry tropical forests was somewhat higher
but also did not differ between different climate data sets (Saga:
from ±0.002 for Asplenium lorentzii to ±0.059 for Asplenium inae-
quilaterale; Worldclim: from ±0.001 for Adiantum rufopunctatum
to ±0.058 for A. inaequilaterale; Table 1).

Diversity maps of bird and fern species characteristic of humid
montane forests generated by both climate models predicted the
species-richest cells on the humid east Andean slopes (Fig. 3a–b
and d–e). Worldclim estimations, however, predicted the occur-
rence of two bird species-rich centres south of the Andean Elbow
(up to 11 species) in (1) central Chuquisaca department and (2)
at the border between northern Chuquisaca and western Santa
Cruz departments (1 and 2; Fig. 3b). Worldclim also predicted
the occurrence of three species of tree-ferns (C. pungens, C. mul-
tiflora and C. delgadii) in lowlands (3; Fig. 3e). Larger differences
resulted when comparing both patterns of species richness on a
cell-to-cell basis. Saga predicted higher species richness on the
humid east Andean slopes for both taxa than Worldclim (reddish
colours; Fig. 3c and f), whereas the latter suggested a higher num-
ber of bird species to occur in the cool and dry surroundings of
Lake Titicaca (7 species) (4; Figs. 3c and 1a) and the fragmented

Fig. 2. Graphic correlation between values of mean annual (a) precipitations and (b) temperatures. The Y-axis represents values from the Saga model, the X-axis Worldclim
values. Points above the upper dashed line or below the lower dashed line separate points where the differences between the values from Saga and Worldclim are significant.
The maps depict the geographical discordances between both climate models. Reddish tones indicate higher values of Saga in relation to Worldclim, bluish tones the opposite.
(For interpretation of the references to color in this figure caption, the reader is referred to the web version of the article.)
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Fig. 3. Patterns of species richness predicted by Maxent models based on climate data from Saga (left) and Worldclim (centre) and tie geographical discordance between the
two modelling approaches. Reddish tones indicate higher values based on Saga data in relation to Worldclim data, bluish tones the opposite. The numbers and the circles on
the maps are mentioned in the text. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of the article.)

Andean seasonal dry forest (up to 11 species) (5; Figs. 3c and 1a).
Importantly, especially for ferns, Worldclim estimated the lowland
Chapare region to have higher tree-fern species richness than Saga
(6; Fig. 3f).

Despite the lack of statistical differences in AUC values between
climate models for species characteristic of seasonal dry forests,
the overlapped maps of species richness showed clear differences,
not just in the lowlands, but also in the Andes. Models based on
Saga calculated cells of higher numbers of co-occurring dry forest
bird and fern (dashed circles in Fig. 3g and j, respectively) species in
sections of the northern Bolivian Andes (departments of La Paz and
Cochabamba) where seasonal dry forests occur as isolated habi-
tat fragments (Fig. 1a). Worldclim, on the other hand, produced a
diffuse pattern that was not able to contrast humid from dry habi-
tats in this region of Bolivia (dashed circles; Fig. 3h and k). In other
words, models based on Worldclim tended to predict bird and fern
species characteristic of dry habitats to occur on the wet Andean
slopes north of the Andean Elbow. The dashed circles in Fig. 3i and
l show this tendency for both taxa in more detail. Here, the upper
humid Andean slopes of the Chapare region were included within
the ranges of bird and fern species from dry habitats by models
based on Worldclim data. In the dry lowlands, models based on
Saga data indicated higher species richness of birds in the central
part of the Chiquitano dry forest and in the Cerrado in central Santa

Cruz department when compared to models based on Worldclim
data (7; Fig. 3i). Models using Worldclim data, on the other hand,
predicted higher species richness at the northernmost extreme of
the seasonally dry tropical forests and in the Chaco region in south-
ern Santa Cruz (8; Fig. 3i). Model predictions for ferns showed a
more complicated spatial pattern in the lowlands. Whereas mod-
els based on Worldclim data predicted higher richness in central
Santa Cruz, models using Saga data identified the surroundings of
the Serranía de Santiago and the Chiquitano dry forest around this
area as having more species (Fig. 3l).

The distribution maps of C. henricae (the only threatened bird
species we worked with) estimated by both climate models show
striking differences (Fig. 4). Worldclim estimated a larger distri-
bution, including large areas southern of the Andean Elbow (circle;
Fig. 1), as well as portions of Cochabamba valley (1; Fig. 4) and some
tracks of humid montane forests (grey circles; Fig. 4).

4. Discussion

4.1. Comparison between both climate models

It is not surprising that temperature layers from both climate
models have good spatial concordance. Although slight local deflec-
tions due to vertical wind movements caused by difference in
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Fig. 4. Distributions of the threatened bird species Cranioleuca henricae estimated by Maxent models based on climate data from Saga and Worldclim. Number and circles
are mentioned in the text.

air-pressure in mountainous areas may be expected, temperature
is strongly negatively correlated with altitude, allowing little room
for variation in regional-scale climate models (Killeen et al., 2007).
Rainfall patterns, on the other hand, are influenced by a combi-
nation of other factors including wind currents, topography, and
the diurnal cycle of solar radiation that changes air-pressure, and
therefore causes differential precipitations along altitudinal gradi-
ents (forcing factors in regional circulation models). Such complex
interactions cause a more irregular spatial pattern of rainfall in
mountain regions that is not directly correlated to either latitude
or altitude.

Unlike Saga, Worldclim does not take into account the effect of
topographically influenced regional circulation patterns in estimat-
ing the windward and leeward variations of rainfall patterns. We
suggest that this methodological difference may be the source of
the notable differences in predicted rainfall patterns between both
climate models. Killeen et al. (2007) noted that centres of high rain-
fall predicted by Worldclim along the eastern Andes tend to have
an artificial ovoid shape that extends into the more seasonal and
drier lowlands. Saga does not depict this pattern. Instead, it mirrors
the configuration of the eastern Andean cordillera, and resembles
closely the cloud masks presented by Killeen et al. (2007: Fig. 6a–d).
Although this may suggest that Saga outperforms Worldclim in pre-
dicting rainfall patterns, it must be considered that the masks of
cloudiness shown by Killeen et al. (2007) represent the mean pat-
tern of cloudiness at four different times of the day from December
to March. Although this period presumably covers most of the rainy
season, this figure only offers a qualitative evaluation. A good alter-
native to evaluate rainfall layers from climate models may be the
aggregation of clouds reaching temperatures lower than −65 ◦C at
the top. These clouds are closely related to centres of deep convec-
tive rain (Hastenrath, 1997; Killeen et al., 2007). Therefore, a layer
that summarizes the frequency of aggregation of clouds with such
characteristics may be a reliable independent measure of rainfall.
However, the contribution of other sources of precipitation (drizzle,
horizontal precipitation, etc.) would still be underestimated.

The accuracy of Worldclim has been assessed in Europe, North
America and several tropical regions, all of which have consider-
ably higher densities of climatic field stations than most of the
tropical regions in South America, Africa, and Asia (see Fig. 1a–c
in Hijmans et al., 2005). Additionally, it is relatively common that
field stations in tropical countries have not collected data contin-
uously. This means that although it is possible to find areas with a
relatively high density of field stations, not all of them contributed

equally with data. Even more importantly, especially in mountain-
ous regions, climate stations tend to be located close to human
population centres which are typically found under climatic con-
ditions most suitable to human habitation and agriculture and are
rarely representative of the climatic conditions in the entire region.
Consequently, estimating rainfall based only on data extracted from
field stations may not result in accurate patterns for tropical areas
with complex topography and limited numbers field stations.

4.2. Modelling species distributions

Predicted ranges of species characteristic of humid montane
forests had a higher model fit when modelled based on Saga. Since
the only difference in the modelling process was the use of differ-
ent climatic models, we can attribute the higher fit of Saga-based
models to the climate data. In fact, the patterns of species richness
produced by models based on Saga are in closer correspondence to
the survey-based knowledge of the distribution of humid montane
forests in Bolivia (e.g. Navarro and Maldonado, 2002; Ibisch et al.,
2003). Models using Worldclim, on the other hand, predicted the
occurrence of several bird and fern species in the surroundings of
Lake Titicaca on the Bolivian altiplano, an area without forest cover
where the actual climate is much dryer than in the humid mon-
tane forests and where none of these species are known to occur
(e.g. Hennessey et al., 2003). Importantly, models based on World-
clim also failed to predict the occurrence of some bird species in
the humid montane forests of the Chapare region, whereas they
wrongly predicted the presence of some humid montane forest
species in the Chapare lowlands (ferns; Fig. 3f) and well south of the
Andean Elbow (birds; Fig. 3c). Field surveys suggest that the two
centres of high bird species richness predicted by models based
in Worldclim south of the Andean Elbow (1 and 2; Fig. 3b) are a
modelling artefact and that the humid montane forest species mod-
elled here do not occur in these areas (e.g. Hennessey et al., 2003;
SKH unpubl.). The Andean Elbow marks the boundary between two
distinct ecoregions of montane forest, the tropical humid mon-
tane forests of the northern Bolivian Andes (also known as Yungas)
and the more seasonal subtropical montane forests (also known as
Bolivian-Tucuman forests) south of the Andean Elbow (e.g. Navarro
and Maldonado, 2002; Ibisch et al., 2003). Most humid montane for-
est species reach their southern range limit at the Andean Elbow
(e.g. Ridgely and Tudor, 1994; Fjeldså and Mayer, 1996; Hennessey
et al., 2003).
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Despite the lack of statistical significance between the AUC val-
ues obtained by models based on Worldclim and Saga for seasonal
dry forest species ranges, crucial differences emerged between the
maps of species richness based on the different climate models.
For example, models using Saga more clearly depicted the geo-
graphical configuration of the fragments of seasonal dry forests
in the northern Bolivian Andes as also indicated by Herzog and
Kessler (2002, 2006), Ibisch et al. (2003) and Wood (2006). These
outcomes are remarkable since even the predicted ranges using
Worlclim obtained values of AUC higher than the commonly indi-
cated minimal acceptable threshold (0.75) (e.g. Fielding and Bell,
1997). If we look at the maps of discrepancies between the pat-
terns of species richness (Fig. 3i and l) further critical differences
are evident. Especially remarkable are the marked differences of
the estimated ranges of C. henricae that obtained the same values
of AUC (Table 1). Previous research performed by Maijer and Fjeldså
(1997), García-Moreno et al. (1999) and Herzog and Kessler (2002)
have shown that this species do not inhabit the Andean season-
ally dry forests south of the Cordillera of Cochabamba (1; Fig. 4).
The estimated map calculated with Saga is more coherent with the
known distribution of its habitat in the Bolivian Andes (Soria-Auza,
in prep., SKH unpubl.). This raises the question whether AUC is a
suitable index by which to evaluate modelled ranges of species pro-
duced by presence-only methods. Although this question is beyond
the scope of this study, it is evident that modelled ranges with
high AUC values may still be unreliable (see also Lobo et al., 2008;
Peterson et al., 2008). This shows the necessity to develop alterna-
tive methods to evaluate species distribution modelling techniques
that are able to detect fine geographical discrepancies, and not
the general of fitness of the models (Araújo and Guisan, 2006).
Raes and ter Steege (2007) presented an alternative to evaluate
species distribution modelling techniques, but as it is also based on
AUC, it still has the same limitations and it is of limited use when
the number of species records is the limiting factor. Consequently,
ground-truthing of predicted ranges should form an integral part of
ecological niche modelling studies, especially if studies are aimed
at determining priority areas for conservation action.

Previous studies on the reliability of species distribution mod-
els have focused on evaluating the disagreements of predictions
produced by different species distribution models (e.g. Elith et al.,
2006) or assessed the effect of the spatial data structure (Loiselle et
al., 2008), but uncertainties introduced by climate layers have been
largely overlooked so far. Our study shows that this uncertainty
may have an important impact on the prediction of the distribu-
tions of tropical species, where species distribution modelling is
increasingly being employed (Hernandez et al., 2008; Hole et al.,
2009; Velazques et al. in prep.).
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